Uniform TiO2/In2O3 surface films effective in bacterial inactivation under visible light by Petronella, Francesca et al.
U
u
F
C
a
b
c
d
a
A
R
R
A
A
K
T
M
B
I
1
r
c
o
H
t
p
t
t
p
w
b
(
1
hJournal of Photochemistry and Photobiology A: Chemistry 279 (2014) 1–7
Contents lists available at ScienceDirect
Journal  of  Photochemistry  and  Photobiology  A:
Chemistry
jo ur nal homep age: www.elsev ier .com/ locate / jphotochem
niform  TiO2/In2O3 surface  ﬁlms  effective  in  bacterial  inactivation
nder  visible  light
rancesca  Petronellaa,b,  Sami  Rtimia,∗,  Roberto  Comparelli b, Rosendo  Sanjinesc,
esar  Pulgarina,∗,  M.  Lucia  Currib,  John  Kiwid
Ecole Polytechnique Fédérale de Lausanne, EPFL-SB-ISIC-GPAO, Station 6, CH-1015 Lausanne, Switzerland
CNR-IPCF, Istituto per i Processi Chimico Fisici, U.O.S. Bari, c/o Dip. Chimica, Via Orabona 4, 70126 Bari, Italy
Ecole Polytechnique Fédérale de Lausanne, EPFL-SB-IPMC-LNNME, Bat PH, Station 3, CH-1015 Lausanne, Switzerland
Ecole Polytechnique Fédérale de Lausanne, EPFL-SB-ISIC-LPI, Bat Chimie, Station 6, CH-1015 Lausanne, Switzerland
 r  t  i  c  l  e  i  n  f  o
rticle history:
eceived 2 September 2013
eceived in revised form 6 January 2014
ccepted 13 January 2014
vailable online 23 January 2014
eywords:
iO2/In2O3
agnetron sputtering
acterial inactivation
FCT mechanism
a  b  s  t  r  a  c  t
This  study  shows  that  the  surface  modiﬁcation  of  TiO2 is  an  effective  route  to  increase  the  TiO2 absorption
in  the  visible  region  up to  ∼600 nm  for photocatalytic  applications.  The  In2O3 decorated  TiO2 ﬁlms  on
polyester  obtained  by reactive  sputtering  were  shown  to accelerate  the Escherichia  coli  inactivation  under
actinic and  simulated  solar  light.  TiO2 sputtered  ﬁlms  for 10 min  inactivated  bacteria  within  300  min
under  actinic  light.  The  inactivation  time  was  reduced  when  using  a TiO2 10 min–In2O3 10  s  sample
to  150  min  when  using  actinic  light  and  90 min  by  simulated  sunlight  with  50 mW/cm2 (one  half  of
AM1).  Thinner  TiO2–In2O3 coatings  led to faster  bacterial  inactivation  compared  to  thicker  TiO2–In2O3
layers  due  to  the  reverse  diffusion  of  the  generated  charges.  The  increase  in the optical  absorption  of  the
green  coloured  TiO2–In2O3 ﬁlm  was  a function  of the In2O3 loading  as  detected  by diffuse  reﬂectance
spectroscopy  (DRS).  Evidence  of  the lack  of  TiO2 lattice  doping  by  the sputtered  In2O3 was  found  by
X-ray  diffraction  spectroscopy  (XRD).  The  deconvolution  of TiO2 bands  detected  by X-ray  photoelectron
spectroscopy  (XPS)  revealed  the  existence  of Ti4+/Ti3+ signals  suggesting  redox  catalysis  at  the  surface
of  the  TiO2–In2O3. The  photo-induced  interfacial  charge  transfer  (IFCT)  between  TiO2 and  In2O3 can  be
accounted  for by  the  band  position  potentials  of both  semiconductors.  The  faster  kinetics  of  TiO2–In2O3
inducing  E. coli inactivation  with  a higher  quantum  efﬁciency  compared  to TiO2 takes  place  in  spite  of
the  low  intensity  of the  IFCT  optical  absorption  bands  >400 nm.
©  2014  Elsevier  B.V.  All  rights  reserved.. Introduction
Chemical modiﬁcation of surfaces, focused on inhibiting or
educing the ability for a microorganism to grow, is an area of topi-
al research interest to reduce microbial contamination responsible
f hospital-acquired infections (HAI) [1–8]. The microbes causing
AI have two main properties: most of them are toxic and resis-
ant to antibiotics and they survive for long times on surfaces
resent in hospital environment [9–14]. The level of contamina-
ion of public hospitals in the UK and Switzerland has been found
o be higher than the allowed level set for hospital rooms. For exam-
le, the contamination of 105 CFU/cm2 was observed in a diabetic
ound dressing. Disinfecting surfaces were applied and the micro-
ial density reduced, since bacterial concentration was not high
∗ Corresponding authors.
E-mail addresses: sami.rtimi@epﬂ.ch (S. Rtimi), cesar.pulgarin@epﬂ.ch
C. Pulgarin).
010-6030/$ – see front matter © 2014 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.jphotochem.2014.01.005and re-growth of bacteria was not observed [4]. Such observations
warrant the investigation of antibacterial surfaces as addressed in
the present study. Increasing public concerns drives the research to
perform modiﬁcation of the textiles with nanoparticles at relatively
low temperatures in order to achieve materials presenting fast bac-
terial inactivation kinetics, acceptable adhesion, long-term stability
and cost effective. In addition the increasing bacterial resistance to
antibiotics in the last decade and the widespread bioﬁlm forma-
tion by toxic pathogens spreading bacteria in schools, hospitals and
public places motivates the present work on surfaces with antibac-
terial nanoparticles at relatively low temperatures. The purpose
is to prepare disinfecting surfaces with fast bacterial inactivation
kinetics, acceptable adhesion and long-term stability.
Indeed, the present study focuses on the preparation, bacterial
inactivation kinetics and characterization of TiO2–In2O3 ﬁlms on
polyester fabrics.
Colloidal deposition of nanoparticle semiconductors/metals/
oxides on textiles led to mechanically unstable and not repro-
ducible ﬁlms, presenting low uniformity and poor adhesion, since
2 ry and Photobiology A: Chemistry 279 (2014) 1–7
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Fig. 1. Thickness calibration for direct current magnetron sputtering (DC) of TiO2 F. Petronella et al. / Journal of Photochemist
hey can be wiped off by a cloth or thumb [15]. Sputtering of semi-
onductor or metal nanoparticle ﬁlms is able to load textile and
ther surfaces and, at the same time, to overcome the shortcomings
f colloidal ﬁlms. Sputtering semiconductors/metals/oxides on
on-heat resistant substrates, such as polymer thin ﬁlm textiles, is
erformed at temperatures up to 150 ◦C, which is the temperature
imit of most of such substrates.
TiO2 has been used in bactericide surfaces for the last 30 years
nd some reviews have detailed the efﬁciency and mechanism of
he charges in this semiconductor leading to bacterial inactivation
16–18]. To extend the optical spectrum of TiO2 into visible Ag has
een used on TiO2 ﬁlms [19,20]. Cu also been used in conjunc-
ion with TiO2 for the purpose of accelerating bacterial inactivation
nder simulated solar radiation as reported in some recent studies
21–23].
The addition of In2O3 would also prevent recombination of the
−/h+ generated upon irradiation of TiO2 particles, thus enhanc-
ng the formation of highly oxidative radicals on the TiO2 surface.
uch an effect, along with the extension of the In2O3 visible absorp-
ion up to 600 nm,  accelerates the bacterial reaction kinetics [24].
iO2–In2O3 has been reported as a catalyst for isopropanol decom-
osition under solar simulated radiation [25,26] and TiO2–In2O3
as been shown effective in the photo-activated degradation of
hthalate [27]. Photo-electrochemical measurements have yielded
n indirect band-gap for In2O3 with values between 2.3 and 3.0
epending on the size and physical state of In2O3 [28–29].
The present study addresses the sputtering, bacterial inac-
ivation kinetics and characterization of the nanocomposite
iO2–In2O3 ﬁlms on polyester fabrics. The In2O3 absorption in the
isible up to 600 nm is able to shift the activity of TiO2 to the visible
egion of the solar spectrum for the prepared samples.
. Experimental
.1. Reactive sputtering of ﬁlms and determination of the coating
hickness
The TiO2 and TiO2–In2O3 thin ﬁlms were deposited onto
olyester in the magnetron chamber by ﬁrst sputtering Ti and
ubsequently In from their respective targets in the presence of
ixture of Ar and O2 gases. Before the deposition the residual
ressure in the magnetron chamber was ≤10−4 Pa. The distance
etween substrates, polyester samples of 2 cm × 2 cm,  and the tar-
ets was kept ﬁxed at 10 cm.  The TiO2 thin ﬁlms were sputtered
y direct magnetron sputtering (DC) using a 5 cm diameter Ti tar-
et 99.99 atomic % (KurtJ, Lesker, East Sussex, UK) in an Ar and O2
tmosphere. The total working pressure P = (PAr + PO2) was  ﬁxed
t 0.5 Pa and the ratio PO2/P = 4.5%. The sputtering current on the
i target was 280 mA  providing a power of 120 W (U = −450 V) and
 current density of 12.7 mA/cm2. Pulsed direct magnetron sputter-
ng (DCP) was used to sputter the In2O3 and was operated at 50 kHz
ith 15% reversed voltage. The sputtering power was  ﬁxed at 50 W
roviding a negative voltage of −500 V, and a power of 140 W.
The selected polyester substrates corresponds to the EMPA (Eid-
enössische Materialprüfungs und Forschungsanstalt) test cloth
ample no. 407, namely a polyester Dacron polyethylene tereph-
halate type 54 spun, plain weave ISO 105-F04 used for colour
astness determinations. The thermal stability of Dacron polyeth-
lene terephthalate is 115 ◦C for long-range operation and 140 ◦C
or times ≤1 min. The thickness of the polyester is of 130 nm ± 10%.
.2. Evaluation of the bacterial inactivation of E. coli and
rradiation source
The samples of Escherichia coli (E. coli K12) was obtained from
he Deutsche Sammlung von Mikroorganismen und Zellkulturenand pulsed direct current magnetron sputtering (DCP) of In2O3 in reactive atmo-
sphere.
GmbH (DSMZ) ATCC23716, Braunschweig, Germany, and were
used to test the antibacterial activity of the TiO2–polyester and
TiO2–In2O3 sputtered fabrics. The polyester fabrics, both bare and
sputtered ones, were sterilized by autoclaving at 121 ◦C for 2 h.
20 L E. coli K12 culture aliquots, with an initial concentration
of 106 to 107 CFU mL−1 in NaCl/KCl (pH 7) were placed on TiO2
and TiO2–In2O3 coated as well as on bare (control) polyester fab-
ric. The polyester is a micro-porous substrate and distributes the
inoculum evenly on the TiO2 or TiO2–In2O3 ﬁlms without need-
ing an adsorption stage. A uniform and non-heterogeneous contact
was established between the sample and the well dispersed bac-
terial solution for all the investigated samples. The exposition of
the fabrics to light was carried out at 25–28 ◦C. The samples were
then placed on Petri dishes covered with a lid to prevent evap-
oration. Afterwards, at scheduled time, each fabric sample was
transferred into a sterile 2 mL  Eppendorf tube containing 1 mL  auto-
claved NaCl/KCl saline solution. This solution was subsequently
mixed thoroughly using a Vortex for 3 min. Serial dilutions were
made with NaCl/KCl solution. An aliquot of 100 L was pipetted
onto a nutrient agar plate and then spread over the surface of the
plate using standard plate method. Agar plates were incubated lid
down, at 37 ◦C for 24 h before colonies were counted. Three inde-
pendent assays were performed for each sputtered textile sample.
The actinic irradiation lamp used shown in Fig. 1 as a source of
white light is shown in Fig. 1 and was an Osram Lumilux T8-L18W
(4.2 mW/cm2) as is used widely used as indoor source of light in
health facilities. The solar simulated light source was a solar sim-
ulator (Heraeus, Hannau, Germany) with a light emission between
200 and 800 nm provided for a 100 W Xe-light resembling the solar
spectrum with a light intensity of 50 mW/cm2. This is equivalent to
the average solar light dose reaching European countries.
2.3. X-Ray ﬂuorescence analysis of samples (XRF)
The TiO2 and In2O3-content on the polyester was evaluated by
X-ray ﬂuorescence, by using an RFX, PANalytical PW2400 spec-
trometer. The results are shown in Table 1.
2.4. Diffuse reﬂectance spectroscopy (DRS)
Diffuse reﬂectance spectroscopy on polyester samples was car-
ried out using a Perkin Elmer Lambda 900 UV–vis NIR-spectrometer
provided for with a PELA-1000 accessory within the wavelength
range of 200–800 nm and a resolution of one nm.  The absorption of
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Table  1
In2O3 and TiO2 contents as a function of sputtering times determined by X-ray
ﬂuorescence (XRF).
Sample Deposition time % In2O3 wt/wt
polyester
% TiO2 wt/wt
polyester
In2O3
5 s 0.05 –
10 s 0.12 –
TiO2
1 min – 0.01
5  min – 0.04
10 min  – 0.12
TiO2/In2O3
10 min/5 s 0.06 0.10
10 min/10 s 0.09 0.09
10 min/20 s 0.15 0.10
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Fig. 2. E. coli inactivation kinetics under light irradiation by TiO2 polyester sam-
ples  sputtered for: (1) TiO2 10 min, (2) TiO2 5 min, (3) TiO2 1 min, (4) polyester
and (5) TiO2 10 min  in the dark. The insert shows the Osram Lumilux T8-L18W10 min/40 s 0.18 0.10
he samples was plotted in Kubelka–Munk (KM) arbitrary units vs
avelength.
.5. X-ray diffraction of TiO2 and TiO2–In2O3 samples (XRD)
Crystal structures were characterized by X-ray diffraction (XRD)
nd recorded by means of an X’Pert MPD  PRO from PANalytical
quipped with a secondary graphite (002) monochromator and an
’Celerator detector operated in Bragg–Brentano geometry. A step
ize of 0.0081 and an acquisition time of 2 min  per degree were
elected.
.6. X-ray photoelectron spectroscopy (XPS)
An AXIS NOVA photoelectron spectrometer (Kratos Analyt-
cal, Manchester, UK) equipped with monochromatic Al K
h = 1486.6 eV) anode was used. The electrostatic charge effects
n the samples were compensated by means of the low-energy
lectron source working in combination with a magnetic immer-
ion lens. The carbon C1s line with position at 284.6 eV was used
s a reference to correct the charging effect. The quantitative sur-
ace atomic concentration of some elements was  determined from
eak areas using sensitivity factors [30]. Spectrum background was
ubtracted according to Shirley [31]. The XPS spectra were ana-
yzed and deconvoluted using CasaXPS-Vision 2 software, Kratos
nalytical UK.
. Results and discussion
.1. Proﬁlometry
The thickness of the sputtered layers was determined by
eans of a proﬁlometer (Alphastep500, Tencor) for TiO2, In2O3
nd TiO2–In2O3 sputtered ﬁlms onto silica wafers in the mag-
etron chamber reactive atmosphere. A 10 min  TiO2 sputtering
ed to a thickness of 60 nm.  Since the average atomic distance
etween metal particles is ∼0.3 nm,  each 0.2 nm thick atomic layer
bout contains 1015 atoms/cm2 [25]. A 50 nm thickness is equiv-
lent to 300 layers and the Ti is being deposited at a rate of
.5 × 1015 atoms/cm2 s. Fig. 1 trace 3 shows that the thickness of the
iO2–In2O3 layers after 10 min  and 10 s sputtering, is of 55–60 nm,
hus suggesting the formation of a TiO2–In2O3 composite. Indeed,
he thickness was found lower than the 120 nm expected from
he sum of the individual contributions of TiO2 and In2O3 layers.
he sample found to lead to the fastest bacterial inactivation TiO2
0 min–In2O3 10 s consisted of 250 layers of TiO2 and in the surface
eriphery 3–5 layers In2O3.(4.0 mW/cm2) emission spectrum used to photo-activate the samples.
3.2. Bacterial inactivation investigation
Fig. 2 reports the results for the E. coli inactivation of TiO2
polyester samples exposed to an actinic Lumilux T8-L18W light
source. The sample sputtered by DC for 10 min  (trace 1) led to bac-
terial inactivation within 300 min. Samples sputtered for 5 min and
1 min  did not induce bacterial inactivation in short times, since they
did not contain enough TiO2 and thus needed longer (6 and 7 h for
the 5 and 1 min  sputtered sample, respectively) inactivation times.
Table 1 shows the loading of TiO2 and TiO2–In2O3 in polyester
as determined by X-ray ﬂuorescence. Bare polyester under light
irradiation led, to some extent, to bacterial inactivation as shown
in Fig. 2, trace 4. Such an effect can be ascribed to the presence
of bleaching agents, insecticides and pesticides derived from the
polyester manufacturing process. Fig. 2, trace 5 shows a control
experiment performed keeping in the dark the 10 min TiO2 sput-
tered sample, and resulted in no bacterial inactivation.
A bacterial inactivation time of 2 h for TiO2 sputtered on cotton
for 10 min  has been previously reported [22]. However, the exper-
iment was performed with an initial concentration of 106 CFU/ml,
lower than the 107 CFU/ml used in the set of experiments presented
in Figs. 2 and 3.
Fig. 3a shows the bacterial inactivation experiments carried out
on TiO2–In2O3, TiO2 and In2O3 samples. Fig. 3a, trace 1 shows the
inactivation of E. coli by a 10 min  sputtered sample as a control
experiment for the inactivation kinetics of TiO2–In2O3, In2O3 sam-
ples shown in traces 2–7. The fastest bacterial inactivation was
obtained for the TiO2 10 min–In2O3 10 s sputtered sample (Fig. 3a,
trace 3). When In2O3 was sputtered for longer times (Fig. 3a, traces
4 and 5) the inactivation time became longer. In2O3 sputtered on
the TiO2 layer for 20 s and 40 s increased the In2O3 thickness leading
to a bulk inward diffusion of the e−–h+ charge carriers generated in
the In2O3 [6,19,22]. Trace 6 shows the small bacterial inactivation
of In2O3 by itself under light suggesting that a synergic interaction
with TiO2 is required to lead to fast bacterial inactivation as shown
in Fig. 3a, trace 1. Finally the TiO2–In2O3 semiconductor proper-
ties leading to bacterial inactivation are conﬁrmed by the results
shown in Fig. 3a, trace 7 since only a low bacterial inactivation was
observed in the absence of light irradiation.
The results presented in Fig. 3a, traces 3–5, suggest that longer
sputtering times led to samples with larger In2O3 particle, thus
decreasing the available contact surface with bacteria [23]. In2O3
sputtering for 10 s may  results in optimal In2O3 cluster size, with
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Fig. 3. (a) E. coli inactivation on samples under Osram Lumilux T8-L18W lamp
(4.0 mW/cm2) as noted in traces (1)–(6): (1) TiO2 10 min, (2) TiO2 10 min/In2O3 5 s,
(3) TiO2 10 min/In2O3 10 s, (4) TiO2 10 min/In2O3 20 s, (5) TiO2 10 min/In2O3 40 s,
(6)  In2O3 alone and (7) sample TiO2 10 min/In2O3 10 s in the dark. (b) E. coli inac-
tivation under solar simulated light for (1) TiO2/In2O3 (sputtered for 10 min/10 s),
(2)  TiO2 (sputtered for 10 min), (3) In2O3 (sputtered for 10 s) samples, respectively
and for (4) a bare polyester sample, at light intensities: a – 30 mW/cm2 and b –
50  mW/cm2. (c) E. coli inactivation recycling experiments on TiO2/In2O3 sputtered
for  10 min/10 s on polyester under irradiation by: a – Suntest solar simulator CPS
50 mW/cm2 (360–800 nm)  and b – Osram Lumilux T8-L18W (4.0 mW/cm2).
Fig. 4. Diffuse reﬂectance spectra (DRS) of TiO2 and TiO2/In2O3 samples in
Kubelka–Munk units: (a) TiO2 1 min, TiO2 5 min  and TiO2 10 min. (b) TiO2
10 min/In2O3 5 s, TiO2 10 min/In2O3 10 s, TiO2 10 min/In2O3 20 s, TiO2 10 min/In2O3
40 s, In2O3 10 s.
the highest amount of In2O3-sites exposed on the previously sput-
tered TiO2 layers on the polyester.
The accelerated bacterial inactivation demonstrated for the
TiO2–In2O3 compared to the bare TiO2 samples may  be related to
the favourable electrostatic attraction existing between the posi-
tive charged Ti and interacting with the E. coli negative surface at
pH 7. The E. coli presents a negative charge between pH 3 and 9 due
to the large amount of negative carboxylic groups compared to the
positively charged functional groups: amide I and amide II on the
bilayer cell membrane [6,14,17,19].
The TiO2 bactericide inactivation mechanism has been already
reported and widely discussed [14–19]. A mechanism for the
TiO2–In2O3 E. coli inactivation, involving interfacial transfer (IFCT)
will be discussed in Section 3.6.
Fig. 3b reports the effect of the light intensity on the bacterial
inactivation kinetics at 30 mW/cm2 and 50 mW/cm2. The results
indicate the beneﬁcial effect of an increase in the semiconductor
charges interacting with the bacterial envelope, leading to a faster
bacterial inactivation.
Fig. 3c shows repetition disinfecting performance by a
TiO2–In2O3 10 min–10 s sample up to the 5th cycle. The 8th cycle
shows a loss of bacterial inactivation kinetics for applied doses of
30 mW/cm2 and 50 mW/cm2 due possibly to the leaching of the In
and Ti-ions. This was  conﬁrmed by analysis performed by Induc-
tively Coupled Plasma Mass Spectrometry ICP-MS on the sample
TiO2–In2O3 10 min–10 s at the end of recycling experiments (data
not shown).
3.3. Diffuse reﬂectance spectroscopy (DRS) and visual appearance
of the polyester coated samples
Fig. 4a shows the UV–vis reﬂectance spectra of TiO2 sputtered
for increasing times on polyester. The Kubelka–Munk (KM/S) rela-
tions convert reﬂectance measurements into absorption spectra
units. K and S are the absorption and scattering coefﬁcients respec-
tively of TiO2 in Fig. 4a. The KM/S values for the samples were
found proportional to the TiO2 sputtering time and ﬁnally related
to the bacterial inactivation time reported in Fig. 2 for TiO2 loaded
samples. The faster bacterial inactivation induced by TiO2–In2O3 in
F. Petronella et al. / Journal of Photochemistry and Photobiology A: Chemistry 279 (2014) 1–7 5
F ) TiO2 10 min, (c) TiO2 10 min–In2O3 5 s, (d) TiO2 10 min/In2O3 10 s, (e) TiO2 10 min–In2O3
2
F
i
s
t
s
I
w
f
a
p
f
≥
I
f
w
b
3
I
t
i
t
X
O
w
i
t
3
1
b
T
tig. 5. Pictures of the magnetron sputtered polyester samples: (a) polyester alone, (b
0 s, (f) TiO2 10 min–In2O3 40 s.
ig. 3, suggests electronic transfer from In2O3 to TiO2 intervening
n bacterial inactivation.
Fig. 4b shows a progressive increase in optical absorption (KM/S
pectra) in the region 350 nm.  Samples sputtered with In2O3 for 5 to
he 20 s sputtered show lower absorption intensities. But samples
puttered for 40 s, may  lead to the formation of larger clusters of
n2O3. Fig. 4b shows a weak absorption band from 400 to 500 nm,
hich can be attributed to the interfacial charge transfer (IFCT)
rom the TiO2 to In2O3 layers. The weak absorption between 500
nd 600 nm is due to the In2O3 inter-band indirect transitions at
otential levels ≥2.09 eV [25]. These electronic transitions occur
rom the In2O3 valence band to two levels near the conduction band
2 eV [24]. The TiO2–In2O3 transition seems to originate from the
n2O3 (In5s5p orbital) to the conduction band of TiO2 [24].
The visual appearance of TiO2–In2O3 sputtered polyester sur-
aces is shown in Fig. 5. The light green colour is due to the In2O3
ith a band gap of 2.5–2.8 eV (absorption edge of ∼500–440 nm)
ecomes darker at longer sputtering times [25–28].
.4. X-ray diffraction investigation of TiO2 and TiO2–In2O3 ﬁlms
Fig. 6 shows the TiO2 XRD pattern for bare TiO2 and for
n2O3/TiO2 ﬁlms, respectively. Fig. 6 presents the XRD diffrac-
ogram for the TiO2 DC sputtered on polyester for 10 min. The
ntense anatase peak at 24.6◦ is due to the presence of anatase on
he polyester. No speciﬁc signal due to In2O3 was  detected in the
RD diffractogram, probably due to its very low loading (<0.2%).
nly a slight decrease in intensity of the 24.6◦ (1 0 1) anatase peak
as observed in the In2O3/TiO2 sample. In addition no modiﬁcation
n the TiO2 diffraction peaks due to In2O3 was detected, suggesting
hat no lattice doping takes place.
.5. X-ray photoelectron spectroscopy (XPS) investigation
Fig. 7 shows the ﬁtting of the Ti2p XPS envelopes for a TiO2
0 min/In2O3 10 s sample at: (a) time zero and (b) after 300 min
acterial inactivation under an Osram Lumilux T8-L18W lamp. The
i4+ doublet peak shift from 458.5 eV at time zero to 458.8 eV after
he 300 min  during bacterial inactivation suggests redox reactionsFig. 6. XRD diffractograms of (1) TiO2 10 min  and (2) TiO2 10 min/In2O3 10 s sput-
tered on polyester (a) diffraction patterns of anatase (b), rutile (c) and (d) cubic
In2O3.
since the Ti4+ peak shift is ≥0.2 eV [30–32]. In Fig. 7a and b, a Ti3+
peaks shift is observed for the signal at zero and after 300 min  from
457.8 eV to 458.9 eV. Samples of TiO2–In2O3 show two peaks at
444 eV and 451 eV, respectively, assigned to In3d5/2 and In3d3/2 that
also shifted during the bacterial inactivation by 0.3–0.4 eV (data not
reported) [33–34].
3.6. Interfacial charge transfer mechanism (IFCT) in TiO2–In2O3
composite ﬁlmsCoupling TiO2–In2O3 induced a signiﬁcant increase in the photo-
catalytic activity compared to TiO2 alone and In2O3. This signiﬁcant
increase is due to the positions of the conduction band (cb) and
6 F. Petronella et al. / Journal of Photochemistry and Photobiology A: Chemistry 279 (2014) 1–7
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Fig. 8. (a) Scheme of the charge injection during the interfacial charge transfer (IFCT)ig. 7. Deconvolution of the Ti2p XPS envelope for a TiO2 10 min/In2O3 10 s sample:
a)  time zero and (b) after 300 min  bacterial inactivation under Osram Lumilux T8-
18W lamp irradiation.
alence band (vb) in In2O3 and TiO2. The cb of In2O3 at −0.62 vs
HE [26–29] is able to transfer the cb electrons to TiO2 (cb at 0.2 eV
s NHE for anatase). The UV component of sunlight can generate
oles in TiO2 at a level able to transfer the holes to In2O3 vb as
uggested in Fig. 8a.
The subsequent spatial separation of photogenerated charge
arries should limit the detrimental e−/h+ recombination events
n TiO2. The considerable difference in potentials between the two
, makes the In2O3 a good candidate for TiO2 sensitization. The
ighly dispersed In2O3 on the TiO2 layers, generating a Schottky
arrier at the interface between TiO2 and In2O3. This precludes in
art the recombination of electrons and hole pairs. The scheme in
ig. 8a suggests the IFCT in the TiO2–Tn2O3 assuming that the gen-
rated charges have a sufﬁcient lifetime to diffuse to the surface
nactivating bacteria. In this composite system TiO2 is the main
hotocatalyst and the In2O3 acts as an additional visible light sen-
itizer.
Fig. 8b shows schematically the e-cb in the TiO2 and In2O3 par-
icles reacting with the adsorbed O2 on the TiO2 surface to yield
2
−• radical anion and subsequently yielding other highly oxida-
ive protonated radicals leading to bacterial inactivation.
. ConclusionsTiO2 and TiO2–In2O3 layers were sputtered on polyester. Their
actericide kinetics was reported under actinic and solar simulated
ow intensity light. The addition of In2O3 on TiO2 polyester shiftsbetween In2O3 and TiO2 under simulated sunlight. (b) Radical(s) reaction generated
from O2 reduction on TiO2 (R: bacteria degradation or species produced during the
bacterial degradation).
the optical absorption of TiO2 into the visible region accelerating
the bacterial inactivation kinetics compared to bare TiO2. The In2O3
layer thickness and optical absorption was related to the bacterial
inactivation kinetics. The photocatalytic surfaces were character-
ized by surface techniques as: XRF, DRS, XRD and XPS. The weak
IFTC bands observed between 400 nm and 500 nm in TiO2–In2O3
induced an increase in the quantum yield efﬁciency leading to a
faster bacterial inactivation compared to bare TiO2. TiO2–In2O3
may  be used in disinfecting textiles, taking into account that Ti and
In are not toxic to human health, and readily available metals in
nature.
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